Abstract Oxidations are key reactions in chemical syntheses.
Introduction
Regio-or stereoselective oxidation is a key task of synthetic organic chemists. A hydroxy group can be introduced to an activated carbon atom by a variety of procedures, e.g. by epoxidation/hydrolysis, the addition of water, nucleophilic substitution, reduction, or, if allylic positions are to be oxidized, by radical reactions. However, these reactions are often not stereoselective and do not allow the distinction of carbon atoms carrying the same type of activation between, for example, two double bonds. In addition, the hydroxylation of non-activated carbon atoms can only be achieved by radical reactions, which are, as a rule, not selective enough to lead to a chiral hydroxy group at the desired position. Several enzymes catalyze the introduction of an oxygen atom into a substrate molecule. Dioxygenases, peroxidases, oxidases, and dehydrogenases are able to do so in the case of activated carbon atoms. Since most enzymes are regioand stereospecific, enzymatic oxidations certainly provide an excellent alternative for the organic chemist. The challenge lies in finding a suitable enzyme with the robustness, ease of handling, and the desired regio-and stereospecificity. In this context, P450 monooxygenases ("mixed function hydroxylases") constitute interesting alternatives. They are able to introduce atomic oxygen into allylic positions, double bonds, or even into nonactivated C-H bonds. They have been recognized as a major enzyme superfamily, which currently contains over 1,000 members (http://www.icgeb.trieste.it/~p450srv/new/ p450.html) with a vast repertoire of substrate specificities that can be exploited in biotechnologcal applications. In addition, they can be modified by rational design or directed evolution to accommodate an even wider range of unnatural, synthetic substrates. P450 monooxygenases of the mammalian liver have been found to exhibit extremely wide substrate specificity which is a prerequisite for their ability to activate or detoxify hydrophobic molecules entering the blood stream. P450 monooxygenases might thus seem the enzyme species of choice for biooxidation. However, some major disadvantages still exist. Most P450 monooxygenases are characterized by low activity, limited stability, need of an expensive cofactor-NAD(P)H to reduce the heme iron-and general dependence on auxiliary electron carrier proteins. From a technical point of view, microbial (prokaryotes and unicellular fungi) P450s are easier to handle than P450 enzymes from plants and animals despite sharing most of these disadvantages. They are not membrane-associated and exhibit a relatively high stability. Therefore, the potential of this class of enzymes to be used in biooxidation reactions is currently being investigated and is summarized in this review.
P450 monooxygenases: whole cell oxidations
Currently, the use of P450 enzymes in industrial processes is restricted to fermentation. The few technical examples include the biotransformation of steroid hormones, the formation of dicarboxylic acids from alkanes, and the hydroxylation of aromatic synthones. The microbial oxidation involving a P450 monooxygenase is exploited industrially in the 11β-hydroxylation of Reichstein S, a progesterone derivative which leads to corticosteroids with antiinflammatory activity; in this process fungi of the genus Curvularia are used (Petzoldt et al. 1982) . Another example is the total synthesis of pregnenolone from ergosterol by recombinant Saccharomyces cerevisiae cells harboring a number of foreign genes including bovine cytochrome P450, adrenodoxin, and adrenodoxin reductase (Duport et al. 1998) . Using an industrial yeast strain of Candida tropicalis, engineered for the formation of dicarboxylic acids from alkanes, very high productivity was reported. The productivity of a strain unable to perform beta-oxidation and contains the amplified original P450 monooxygenase and NADH-cytochrome reductase was increased by 130% (Picataggio et al. 1992) . The chemical hydroxylation of aromatic compounds usually leads to the formation of regioisomers. The fungal strain Beauveria bassiana Lu 700 was identified to selectively hydroxylate 2-phenoxypropionic acid to 2-(4′-hydroxyphenoxy)propionic acid (Ladner et al. 1999; Dingler et al. 1996) which is used for the synthesis of a number of agrochemicals. This strain has also proved a suitable catalyst for the selective monohydroxylation of other aromatic carboxylic acids. With regard to the industrial degradation of environmental contaminants, the white-rot fungus Pleurotus ostreatus was found to be capable of metabolizing phenanthrene to phenanthrene-trans-9,10-dihydrodiol and 2,2-diphenic acid as well as mineralizing it to CO 2 as part of the fermentation process (Bezalel et al. 1996) . Structure and reaction mechanism P450 monooxygenases are heme-containing enzymes. The essential step in the oxidation of a substrate by P450 is the addition of one atom of molecular oxygen, which is activated by a reduced heme iron, to the substrate. The reaction is usually a hydroxylation reaction (Fig. 1) . However, P450s that are able to catalyze epoxidation, sulfoxidation, or dealkylation reactions are also known. The second oxygen atom is reduced to water, thereby accepting electrons from NAD(P)H via a flavoprotein or a ferredoxin. The activation of oxygen is common to all P450s. This activation takes place at the iron-protoporphyrin IX (heme). The heme iron is sixfold coordinated. It has a conserved thiolate residue as the fifth ligand and, in the inactive ferric form, a water molecule as its sixth ligand (1). The catalytic mechanism involves six steps ( Fig. 2) :First, the substrate is bound and the water molecule is displaced (2). Then the ferric enzyme is reduced to a ferrous state by a one-electron transfer (3). Molecular oxygen is then bound, resulting in a ferrousdioxy species (4). A second reduction, followed by a proton transfer leads to an iron-hydroperoxo intermediate (5). The cleavage of the O-O bond releases water and an activated iron-oxo ferryl species (6). This iron-oxo ferryl oxidizes the substrate and the product is subsequently released.
In a side-pathway, referred to as peroxide shunt, hydrogen peroxide can be employed as a source of both electrons and oxygen (Fig. 2) . The details of the mechanism underlying the unusual substrate diversity of P450s are currently not fully understood. Theoretical studies on the mechanism of P450s and crystallographic data suggest that two successive processes contribute to the catalysis. These involve the formation of an iron-oxo ferryl species (6), followed by monooxygenation of the substrate by this species (Hata et al. 2001) . The properties of the iron-oxo ferryl speciesthe last active Fe-intermediate in the catalytic cycle-are still poorly understood although the crystal structure of this species was recently identified (Schlichting et al. 2000) . Depending on their redox partners, P450 enzyme systems can be divided into four classes. Most bacterial monooxygenases belong to class I and require a FADcontaining reductase and an iron sulfur redoxin (P450cam). Class II enzymes, which are mostly attached to the endoplasmatic reticulum, require only a FAD/FMNcontaining P450 reductase for the transfer of electrons. This electron transport system is located in microsomes. The P450s from Bacillus megaterium (CYP102A1) (below referred to as P450 BM-3) (Li and Poulos 1999) , Bacillus subtilis (CYP102A2) (Lee et al. 2001) , and Fusarium oxysporum (CYP505) (Kitazume et al. 2000) also belong to this class of enzymes. They are selfsufficient enzymes containing the P450 monooxygenase and the FAD/FMN-reductase domain on a single peptide chain. Class III enzymes do not require electron donors. These self-sufficient enzymes convert peroxygenated substrates that already contain oxygen. P450s from class IV receive their electrons directly from NAD(P)H. Only one representative of this class has been described so far (P450nor) (Nakahara et al. 1994) .
The structures of P450s have been determined by X-ray crystallography at high resolution (Poulos et al. 1986; Hasemann et al. 1994; Nakahara et al. 1994; CuppVickery and Poulos 1995; Li and Poulos 1997; Park et al. 2000; Williams et al. 2000a; Podust et al. 2001 Podust et al. , 2003 Yano et al. 2003) . The structure of all enzymes resolved so far is very similar despite the low amino acid sequence identity of <20% (Graham and Peterson 1999) . Their tertiary structure is usually composed of 13 α-helixes and five β-sheets. The area around the heme group is structurally conserved and reflects a common mechanism of electron transfer and oxygen activation. The conserved region is formed by a four-helix bundle (D, E, I, and L), helix J, helix K, and two sets of β-sheets (β1 and β2) (Peterson 1998) . Nine of the ten cytochrome P450s examined are water-soluble proteins. Eukaryotic cytochrome P450s are membrane-associated proteins that are more difficult to crystallize. So far, only the X-ray structures of two membrane-bound mammalian P450s-CYP2C5 and CYP2C9-have been determined (Williams et al. 2000b (Williams et al. , 2003 . Models of other mammalian P450s are based on the structure of CYP2C5 and its bacterial analogues (Dai et al. 1998; Bathelt et al. 2002) .
Production and purification
Bacterial P450 monooxygenases can efficiently be expressed in Escherichia coli cells. All microbial P450 monooxygenases that are expressed in E. coli keep their activity during production and isolation. They yield 30-50 mg l −1 active protein in standard batch processes (Oster et al. 1991; Bell et al. 2001; Yano et al. 2003) . In some cases, the expression depends on the addition of the heme precursor aminolevulinic acid . Expensive isopropyl-beta-D-thiogalactopyranoside is often used as an inducer in E. coli expression systems that are based on the lac repressor. However, lactose can be also used as substitute (Woyski and Cupp-Vickery 2001) .
Purification usually involves the combination of ammonium sulfate precipitation, subsequent ion-exchange chromatography, and gel filtration or hydrophobic interaction (Miles et al. 1992; Munro et al. 1996; McLean et al. 2002) . Alternatively, affinity chromatography on 2′,5′- ADP-Sepharose can be used; this has proven to be most successful with fusion proteins such as P450 BM-3 (Black et al. 1994 ). This method is very efficient though expensive. It has been shown that the costs can be reduced by using 2′,3′-adenosine monophosphate instead of 2′-adenosine monophosphate as the eluting agent (Rock and Jones 2001) . A successful alternative for the laboratory-scale purification of P450s is metal-ion affinity chromatography using His 6 -tagged proteins (Delcarte et al. 2003; Maurer et al. 2003) . However, both approaches described above are either time-consuming or expensive and thus not suitable for the gram-scale purification of P450 monooxygenase. Therefore, a fast and cheap onestep purification protocol for P450 BM-3 that is based on commercial anion exchangers (DEAE 650 M, SuperQ 650 M) has been developed. It yields 79-86% recovery and 86-90% purity (Schwaneberg et al. 1999a ).
Immobilization
The relatively poor stability of P450 monooxygenases and the costs of product separation still impede the technical application of these enzymes (Urlacher and Schmid 2002) . Immobilization of enzymes has proven useful for in vitro biotransformations. It renders the enzymes stable for operation and storage (Tischer and Wedekind 1999) and allows simple product separation. So far, only few mammalian P450s have been immobilized (FernandezSalguero et al. 1993; Koebe et al. 1994a, b) , and reports on the immobilization of microbial P450 enzymes are rare. The first studies on the immobilization of a P450 enzyme from S. cerevisiae were based on microsomal fractions (Azari and Wiseman 1980) or permeabilized cells (King et al. 1988) . Permeabilized yeast cells were entrapped in calcium alginate and the authors report a significant stabilization effect of the immobilization: the residual activity was 35% after 2 weeks and 20% after 4 weeks. The entrapment of the microsomal fraction of S. cerevisiae cells in calcium alginate gel, however, was much more successful. Immobilized microsomes still retained 84% of their activity after 2 weeks and 60% after 4 weeks. Highly purified cytochrome P450 from S. cerevisiae was also successfully immobilized by entrapment in alginate. It exhibited a stability similar to that of permeabilized cells but inferior to that of the microsomal fractions (45% activity after 2 weeks and 15% after 4 weeks). Purified yeast monooxygenase and reductase were also successfully immobilized to BrCN-activated Sepharose 4B with 100% retention and 70% activity after 2 weeks and 58% after 4 weeks.
A procaryotic P450 enzyme from Streptomyces griseus (CYP105D1) was immobilized on the ionic exchange matrix DE52 with 85% retention. No significant loss of activity has been observed during 1 day of reaction at 25°C with co-factor recycling (Taylor et al. 2000) . The immobilized CYP105D1 showed a reduced turnover of the substrates benzo[a]pyrene (0.17 min −1 compared to 0.34 min −1 with the free enzyme) and warfarin (0.9 min −1 compared to 3.0 min
). In the presence of a NADPH recycling system, the accumulation of 4′-hydroxywarfarin was observed even after 38 h, and yields reached 38.8 nmol at 25°C.
Maurer et al. were able to show that P450 BM-3 from B. megaterium binds firmly to anion exchangers such as DEAE and SuperQ (Maurer et al. 2003) . However, the products of the reaction also adsorbed to these matrices. Thus, DEAE and SuperQ are unsuitable for biotechnical purposes. In addition, washes with higher ionic strength leached the enzyme from the carrier. The enzyme was unable to bind on celite, a porous silicate matrix derived from diatomaceous soil (Maurer et al. 2003) . Immobilization of two P450 BM-3 mutants was further examined using a sol-gel matrix derived from tetraethoxyorthosilicate (TEOS) (Gill 2001 ). This approach resulted in an enzyme that displayed long-term activity (half-life of 30 days at 25°C), providing the opportunity to convert a large variety of substrates.
Cofactor regeneration
A key issue in the use of isolated P450s in biotechnology is the demand for the continuous electron supply required by the heme iron. In vivo, the electrons are supplied by the generation of NAD(P)H which is, however, far too expensive to be used in equimolar concentrations during technical applications. Direct electron supply from electrodes (Kazlauskaite et al. 1996) , use of electron mediators (Schwaneberg et al. 2000) , as well as enzymatic (Fernandez-Salguero et al. 1993; Taylor et al. 2000) , and organometallic (Hollmann et al. 2002) approaches have been suggested as sources of the required reduction equivalents.
Direct chemical reduction of the heme iron is very inefficient. During the hydroxylation of palmitic acid by P450 BM-3, for example, the reduction of oxygen in the presence of sodium dithionite was at least 8,000 times lower compared to that of NADPH (Fang et al. 1996) .
The direct electron transfer from carbon-based electrodes to P450cam-from Pseudomonas putida (CYP101) (in the following referred to as P450cam)-has been demonstrated (Kazlauskaite et al. 1996) . However, direct electrochemistry of P450s immobilized on a cathode is complicated because of the deeply buried heme iron and the instability of the enzyme upon interaction with the electrode surface. Recent improvements include the modification of the electrode surface and/or the use of mediators which assist in the catalytic cycle. So, a bioelectrochemical reactor was constructed, where a continuous catalytic cycle from the cathode to P450cam via its natural redox partner-putidaredoxin led to a nearly stoichiometric conversion of camphor (Reipa et al. 1997) . Artificial redox partners can also assist in the electron transport between electrode and monooxygenase. An artificial redox chain was assembled in a chimeric fusion protein using the heme domain of P450 BM-3 and flavodoxin from Desulfovibrio vulgaris connected by a natural loop of P450 BM-3 reductase . The electron transfer between working electrode and the monooxygenase part of the chimera takes place over the flavodoxin part. P450cam, which was immobilized on a glassy carbon electrode modified with sodium montmorillonite, exhibited reversible redox behavior (Lei et al. 2000) . Direct electron transfer was reported for several oxygenases that were immobilized on lipid-modified pyrolytic graphite electrodes (Zhang et al. 2002) . A Co(III)sepulchrate mediator and platinum electrodes were able to transfer electrons to six different P450 monooxygenases (Estabrook et al. 1996a, b, c) . However, the conversion rates in these systems were at least eightfold lower compared to when NADPH was used. Figure 3 illustrates a system based on Co(III)sepulchrate and zinc dust as electron donor that was recently developed (Schwaneberg et al. 2000) . The turnover reached 20% of the activity in the presence of NADPH. In contrast to direct electrochemical approaches, this activity is over 75% higher.
The electrochemical regeneration of expensive NAD(P)H is usually limited by the side reactions that are generated by high overpotentials. To avoid or reduce the effect of these side reactions the pentamethylcyclopentadienyl rhodium bipyridine complex was employed successfully (Hollmann et al. 2002) .
A popular idea with regard to NAD(P)H regeneration is the use of a second, coupled enzyme such as a dehydrogenase. This approach has already led to the wider use of redox enzymes for chemical synthesis (Hummel and Kula 1989; Seelbach et al. 1996) . The regeneration of the cofactor requires a second enzyme and a second substrate. Therefore, a second product is also generated which must be separated from the desired end product. Formate dehydrogenase (FDH) has turned out to be a profitable option that is also of advantage due to its commercial applications. This enzyme catalyzes the oxidation of formate anions to carbon dioxide with the concomitant reduction of NAD + to NADH. The advantage of FDH is the low cost of formate and the simple removal of the reaction product carbon dioxide. Unfortunately, formate dehydrogenases are NAD + -dependent enzymes, but most P450s are dependent on NADPH. An FDH mutant from Pseudomonas sp. 101 was recently engineered which exhibits high activity towards NADP + (Tishkov et al. 1999) , enabling it to be used as NADPH-regenerating enzyme in combination with P450 BM-3 (Fig. 4) (Maurer et al. 2003) .
A further approach to overcome the problem of cofactor costs is the use of the peroxide shunt pathway with strong oxidants such as hydrogen peroxide or periodate which directly catalyze the reduction of the heme iron (Naqui et al. 1986; Coon et al. 1996) . This method is, however, associated with the problem of fast inactivation of the enzyme. However, directed evolution has been successfully applied to evolve the heme domains of P450cam and P450 BM-3 to enhance the efficiency of the "peroxide shunt" pathway (Joo et al. 1999; Cirino and Arnold 2002) .
Assays for P450 monooxygenases
Traditionally, three types of activity assays are used for the investigation of P450 activity: (1) radiolabeling of substrates (Miura and Fulco 1975) ; (2) the use of fluorogenic substrates such as 7-ethoxyresorufin (Klotz et al. 1984 ), 7-ethoxycoumarin (Aitio 1978 and their derivatives (DeLuca et al. 1988; Sone et al. 1989 ) with subsequent separation of the products on HPLC; and (3) GC/GC-MS analysis of the products (Capdevila et al. 1996; Li et al. 2001b ). Unfortunately, not all of these methods can be adopted for high-throughput screening, which is a fundamental prerequisite for techniques of directed evolution required for P450 improvement. Methods of directed evolution, applied on enzyme lead to creation of several thousand different mutants, which Fig. 3 Artificial electrontransfer pathway from zinc dust to the P450 BM-3 using cobalt(III)sepulchrate as a mediator (Schwaneberg et al. 2000) Fig. 4 NADPH-regeneration system using a formate dehydrogenase (FDH) from Pseudomonas sp. 101 coupled with the hydroxylation of β-ionone by P450 BM-3 mutant (Maurer et al. 2003) should be screened for improved activity or changed specificity.
For screening mutant libraries of the P450 enzymes the monitoring of NAD(P)H consumption during substrate oxidation is usually used (Boddupalli et al. 1990; Appel et al. 2001; Lentz et al. 2001) . The modification of this method, so-called "alkali assay", was developed and adapted to the microtiterplate scale, and employed in high throughput screening (HTS) . Mutants of P450 BM-3 were tested with different substrates and their activities were measured by detection of the alkaline products of NAD(P)H-oxidation. The alkali assay is not substrate-specific and can thus be applied to testing substrate mixtures.
A rapid direct assay for P450 BM-3 and related enzymes is based on the hydroxylation of a surrogate substrate, p-nitrophenoxycarboxylic acids, to ω-oxycarboxylic acid and p-nitrophenolate (Schwaneberg et al. 1999b) . The kinetics of p-nitrophenolate formation can be measured directly at 410 nm. After permeabilization of E. coli cells producing a recombinant P450 enzyme, the timeconsuming step of cell lysis could be avoided, as could the re-suspension and centrifugation procedures . This assay allows screening of thousands of samples and can be adopted for HTS.
Protein engineering of P450 monooxygenases
Protein engineering is generally defined as modification of enzyme by rational design or directed evolution with the aim of altering their properties. Rational design of enzyme through site-directed mutagenesis requires a solid structural basis and an understanding of its catalytic mechanism. Directed evolution in contrast does not need any structural information and involves either random mutagenesis (e.g. error-prone PCR) or recombination of gene fragments (e.g. gene shuffling, staggered extension process etc.).
The structures that are available for several P450 enzymes allow for the rational design of proteins, which provides important information on the role of the most important amino acids in the binding pocket. Detailed studies have been undertaken to elucidate the cytochrome P450 monooxygenase from Ps. putida (CYP101)-P450cam which is a camphor-hydroxylating enzyme Sligar 1988a,b, 1990; Bell et al. 2001 Bell et al. , 2003a . It was shown that mutations of the active site residue Y96 into more hydrophobic residues considerably increased the activity of P450cam towards the oxidation of hydrophobic molecules smaller than camphor, such as alkanes or styrene (Stevenson et al. 1996; Nickerson et al. 1997) , or larger than camphor, such as naphthalene and pyrene (England et al. 1998; Harford-Cross et al. 2000) . A double mutant of P450cam (F87 and Y96) exhibited enhanced oxidation of the polycyclic aromatic hydrocarbons phenantrene, fluoranthene, pyrene, and benzo [a] pyrene (Harford-Cross et al. 2000) . Engineered P450cam is able to oxidize very small substrates that are completely different from the natural camphor substrate. Mutant F87 W/Y96F/T101L/V247L, for example, oxidized butane with a turnover rate of 750 min −1 (Bell et al. 2002) . Based on docking experiments with camphor and pinene, P450cam was engineered such that it exhibited enhanced activity towards (+)-α-pinene. Crystallization of the most selective mutant and investigation of substrate movements within the binding pocket provided additional information that was required for constructing the highly specific mutant. The products (+)-cis-verbenol and (+)-verbenone obtained are natural fragrances and flavors (Bell et al. 2003b) .
Studies have also been carried out using P450 BM-3 from B. megaterium (CYP102A1)-P450 BM-3. This monooxygenase contains a long hydrophobic substrate channel. Its natural substrates include saturated and unsaturated fatty acids of a chain length of C12-C20. The analysis of the structure and the comparison of substrate-bound and substrate-free forms revealed the importance of the Y51 and R47 residues at the entrance of the substrate channel. The mutation of these and additional amino acids alters the enzyme's specificity (Carmichael and Wong 2001; Cowart et al. 2001) . However, the substitution of either R47 or Y51 alone did not lead to an observable effect on substrate binding affinity and activity (Li and Poulos 1999) . NMR studies and experiments proved that a single mutation at residue F87 changed the regiospecificity of the hydroxylation process (Oliver et al. 1997) . In contrast to the wild-type enzyme, which only catalyzes the hydroxylation at the ω-1, ω-2, and ω-3 positions, the mutant is able to catalyze the hydroxylation of fatty acids at the ω position. Other mutants that are substituted at the same position can also convert cytochrome P450 BM-3 into a regio-and stereoselective (14S,15R)-arachidonic acid epoxygenase (Graham-Lorence et al. 1997) or into a highly enantioselective 3-chlorostyrene epoxygenase (Li et al. 2001b) .
In a process called "rational evolution" (i.e. protein design combined with directed evolution) it was possible to shift the substrate specificity of P450 BM-3 from C-12 fatty acids to C-10 and C-8 in the fatty acid pseudosubstrates 10-and 8-p-nitrophenoxycarboxylic acid (Lentz et al. 2001) . A triple mutant (A74G/F87V/L188Q) was able to hydroxylate indole (Appel et al. 2001) and also a wide range of other substrates that have virtually no resemblance to fatty acids which are regarded as the natural substrate of P450 BM-3. Thus, naphthalene (a polycyclic aromatic hydrocarbon), n-octane (an n-alkane), and 8-methylquinoline (a heteroarene) were oxidized. The acceptance of a wide variety of substrates compares well with the wide substrate specificity observed in some eukaryotic P450s (e.g. those in mammalian liver). This wide substrate spectrum certainly provides exploitable opportunities for chemical synthesis as well as in the industrial degradation of environmental contaminants. A key finding in the latter area was the oxidation of polycyclic aromatic hydrocarbons (PAHs) (Carmichael and Wong 2001; Li et al. 2001a) . Three amino acid substitutions in P450 BM-3 (R47L/Y51F/A264G) led to an up to 200-fold increase in the activity of this enzyme to PAHs such as phenanthrene, fluoranthene, and pyrene. The observation that the mutant A74G/F87 V/L188Q is highly active with regard to the oxidation of other PAHs such as naphthalene, fluorine, acenaphthene, acenaphthalene, and 9-methylanthracene, suggested that the reaction is based on improved hydrophobic interactions via Ala74 and Leu188 (Li et al. 2001a ).
Methods of directed evolution have become a powerful tool for improving the utility of enzymes for industrial application generally and proved to be very efficient in improving the enzymatic activity of P450 BM-3 and in broadening its substrate specificity. Arnold and colleagues, for example, succeeded in increasing the activity of P450 BM-3 towards the saturated hydrocarbon octane ) and even the gaseous alkane propane (Glieder et al. 2002) . Some mutants were found which lead to either the (R)-or (S)-enantiomer products of alkane hydroxylation (Peters et al. 2003) .
Using error-prone PCR some mutants of P450cam (Joo et al. 1999 ) and P450 BM-3 (Cirino and Arnold 2003) were created, which demonstrate high activity with hydrogen peroxide, which acts as both an oxidant and an electron donor, thereby substituting NAD(P)H.
Concluding remarks
Cytochrome P450 enzymes are maturing as industrially useful biocatalysts. Although recent developments in this field provide new perspectives with respect to exploiting the P450 monooxygenases in biotechnical applications, many unresolved issues remain. Further work should be focused on key aspects such as operational stability of the P450s and cofactor regeneration during biocatalysis. A combination of chemical, electrochemical, physical, and biological approaches will contribute to answer these important questions.
